Abstract This paper presents a study of mesosphere and low thermosphere influence on ionospheric disturbances during 2009 major sudden stratospheric warming (SSW) event. This period was characterized by extremely low solar and geomagnetic activity. The study was performed using two first principal models: thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) and global self-consistent model of thermosphere, ionosphere, and protonosphere (GSM TIP). The stratospheric anomalies during SSW event were modeled by specifying the temperature and density perturbations at the lower boundary of the TIME-GCM (30 km altitude) according to data from European Centre for Medium-Range Weather Forecasts. Then TIME-GCM output at 80 km was used as lower boundary conditions for driving GSM TIP model runs. We compare models' results with ground-based ionospheric data at low latitudes obtained by GPS receivers in the American longitudinal sector. GSM TIP simulation predicts the occurrence of the quasi-wave vertical structure in neutral temperature disturbances at 80-200 km altitude, and the positive and negative disturbances in total electron content at low latitude during the 2009 SSW event. According to our model results the formation mechanisms of the low-latitude ionospheric response are the disturbances in the n(O)/n(N 2 ) ratio and thermospheric wind. The change in zonal electric field is key mechanism driving the ionospheric response at low latitudes, but our model results do not completely reproduce the variability in zonal electric fields (vertical plasma drift) at low latitudes.
Introduction
Understanding the relation between the lower atmosphere and thermosphere/ionosphere system through mesosphere is a very important scientific objective for ionospheric forecast and knowledge of upper atmosphere physics. In general, some of the underlying processes responsible for the coupling between the stratosphere, thermosphere and, therefore, ionosphere are currently known, but the detailed physical mechanisms involved in the some particular event remain poorly understood. Sudden stratospheric warming (SSW) represents large meteorological event that is associated with global essential anomalies that occur in various atmospheric layers from the troposphere and stratosphere to the mesosphere and lower thermosphere (MLT) region.
The primary mechanism causing SSW is thought to be related to anomalous amplification of planetary waves (PW) in stratosphere and interaction of these planetary waves with zonal mean flow [Matsuno, 1971] . These PWs are not able to penetrate the MLT region directly as shown in observations, theory, and modeling [Forbes et al., 2000; Pogoreltsev et al., 2007; Pancheva et al., 2009] . However, significant changes of MLT dynamics and temperature connected to PW interaction with the mean flow during SSW are reported in both observational studies [Hernandez, 2003] and theoretical simulations Roble, 2002, 2005] . The gravity waves (GW) modulation by PW is considered as one potential mechanism to transfer PW information upward into the MLT region [Meyer, 1999; Lastovicka, 2006; .
anomalous electric fields, therefore producing additional vertical plasma drift at the geomagnetic equator. Liu et al. [2010] emphasized the role on nonlinear interaction between PW and solar semidiurnal tide and resulting generation on nonmigrating semidiurnal tides. Pedatella and Forbes [2010] used global TEC data to demonstrate increase in nonmigrating semidiurnal tide during SSW event, supporting this mechanism. Sridharan et al. [2012] and Goncharenko et al. [2012] suggested that solar semidiurnal tide can be modified by changes in stratospheric ozone at low latitudes that occur during SSW. Simulations with IDEA model by Wang et al. [2014] showed that variations in ozone affect both amplitude and phase of the 12 h tide, producing amplification of upward drift and its shift to earlier hours. However, numerous simulations demonstrate that major features of ionospheric disturbances can be reproduced by the models that account for dynamical changes in the middle atmosphere, implying that modification of propagating conditions for atmospheric tides is the primary reason of changes in tidal modes [Stening et al., 1997; Jin et al., 2012; Forbes and Zhang, 2012; Pedatella and Liu, 2013; Wang et al., 2014] . In addition to modifications of solar tide, numerous studies suggest strong amplification of lunar semidiurnal tide during SSW [Fejer et al., 2011; Forbes and Zhang, 2012; Park et al., 2012] . Relative importance of SSW-related variations in solar and lunar tides remains a matter of active research, indicating that both contributions need to be considered [Pedatella et al., 2012; Pedatella and Liu, 2013; Yamazaki, 2014] .
In addition to mechanisms producing variations in the ionosphere through changes in atmospheric tides, several other mechanisms were proposed. According to Pancheva and Mukhtarov [2011] , an increase in zonal mean temperature at high latitudes of lower thermosphere during SSW that was recently modeled [Liu and Roble, 2002; Fuller-Rowell et al., 2010] and observed [Goncharenko and Zhang, 2008; Funke et al., 2010] could change the observed plasma drifts at middle and low latitudes in a manner similar to the disturbance dynamo [Blanc and Richmond, 1980] . The disturbance dynamo electric field in this case is driven by the equatorward lower thermospheric winds at high latitudes due to warming in the lower thermosphere. Korenkov et al. [2012] partially confirmed Pancheva and Mukhtarov [2011] mechanism and suggested that the role of the zonal electric field variations is essential at low latitudes and insignificant at midlatitudes in comparison with a decrease in the n(O)/n(N 2 ) ratio that is produced by heating of the upper atmosphere during SSW. Yamazaki and Richmond [2013] and Pedatella et al. [2014] concluded that changes in the thermospheric composition and upper thermospheric winds can significantly contribute to variations in ionospheric electron density during SSW.
To examine the validity and importance of each suggested mechanism of the upper atmosphere response to SSW events, it is necessary to perform theoretical investigations with use of a global coupled model that includes thermosphere-ionosphere system. Multiple attempts of such investigations have been made during the last 10 years using different models: (1) the TIME-GCM (thermosphere-ionosphere-mesosphere electrodynamics general circulation model) Roble, 2002, 2005; Goncharenko et al., 2010b; Liu et al., 2010; Yamashita et al., 2010] from 30 km to about 600 km altitude, (2) whole atmosphere model [Fuller-Rowell et al., 2010 Wang et al., 2011; Fang et al., 2012] from 0 to 600 km altitude, (3) GAIA (Ground-to-topside model of Atmosphere and Ionosphere for Aeronomy) [Jin et al., 2012; from 0 to 3000 km altitude, and (4) GSM TIP (global self-consistent model of the thermosphere, ionosphere and protonosphere) [Bessarab et al., 2012; Korenkov et al., 2012 ] from 80 to 15 R E . Studies using these models discovered and reported the following: (1) the anticorrelation of neutral temperature perturbations in the stratosphere, MLT, and upper thermosphere regions during stratospheric warming events, i.e., lower thermospheric warming at high latitude/cooling at middle and low latitudes during stratospheric warming and mesospheric cooling at high latitude/warming at middle and low latitudes [Liu and Roble, 2002; Karlsson et al., 2007; Fuller-Rowell et al., 2010; Yamashita et al., 2010; Bessarab et al., 2012; Korenkov et al., 2012; Tan et al., 2012] ; (2) the importance of the GW forcing that controls the characteristics of the MLT cooling and warming [Yamashita et al., 2010] ; (3) the modeling support of Pancheva and Mukhtarov [2011] formation mechanism of global negative ionospheric disturbances during 2008 and 2009 SSW events [Bessarab et al., 2012; Korenkov et al., 2012] ; and (4) the evidence that the semidiurnal variation in the plasma density during SSW is caused predominantly by the fountain effect due to the semidiurnal variation in the upward electromagnetic plasma drift [Jin et al., 2012] .
However, in spite of the recent progress in model development the disagreements between model simulation and observations of the upper atmosphere response to SSW events still exist. They are likely related to spatial and temporal limitations in models and the neglect of fully nonlinear interaction between stationary planetary waves, atmospheric tides, and gravity waves. As examples, (1) the morning-noon 2009 SSW positive effects in the electron density at low latitudes that have been recently discussed in observational studies [Chau et al., 2010 , Goncharenko et al., 2010a are absent in GSM TIP model results [Bessarab et al., 2012; Korenkov et al., 2012] , (2) the TIME-GCM and GAIA simulated low-latitude ionospheric response is smaller than in the observational data [Goncharenko et al., 2010b; Jin et al., 2012] in the initial simulations and significantly improves after the inclusion of lunar tides [Pedatella and Liu, 2013; Pedatella et al., 2014] , and (3) there are GSM TIP model/COSMIC data disagreements in the location of maxima of global negative f o F 2 deviations during 2009 SSW event [Bessarab et al., 2012] . So the global and regional thermospheric/ionospheric dynamics is not completely reproduced in the GSM TIP and TIME-GCM model studies due to the lack of understanding of the correct source and magnitude of disturbances at mesospheric altitudes during SSW event and/or additional limitations in models.
The GSM TIP simulation results presented by Bessarab et al. [2012] have shown that by specifying perturbation in neutral temperature and density at the lower boundary of the thermosphere during 2009 SSW event, one can reproduce the variation of the neutral temperature in the MLT region above Irkutsk and global changes in ionospheric parameters that are consistent with the observational data presented by Pancheva and Mukhtarov [2011] . Despite the global model/data agreement, the morning-noon 2009 SSW positive effects in the electron density at low latitudes which have recently been discussed by Goncharenko et al. [2010a] , Chau et al. [2012] , and Fejer et al. [2011] and observed by SJC ionosonde are absent in GSM TIP calculation results [Bessarab et al., 2012] due to neglect of the mesospheric dynamics at low and middle latitudes during SSW at the low boundary of GSM TIP model. So the main problem that needs to be clarified for using GSM TIP model for investigation of thermosphere/ionosphere response to stratospheric anomalies is the link between SSW and mesopause (80 km height) disturbances. In spite of the progress in experimental techniques concerning SSW effects at MLT altitudes [Walterscheid et al., 2000; Hoffmann et al., 2007; Siskind et al., 2005; Schwartz et al., 2008; Medvedeva et al., 2011] the observational database of global dynamical processes at MLT altitudes is very limited. Therefore, it is necessary to perform model simulations using the middle atmosphere models to obtain the more realistic temporal variation of global perturbations in neutral parameters at MLT region. For this purpose we used the thermosphereionosphere-mesosphere electrodynamics general circulation model (TIME-GCM), as TIME-GCM can successfully simulate the disturbed middle atmosphere [Maute et al., 2014] .
In the current study we examine GSM TIP model runs that use the TIME-GCM model output to specify more realistic perturbations in neutral parameters at the heights of mesopause in order to reproduce the global ionospheric disturbances during 2009 SSW event. As the ionospheric observation data source before and during the 2009 SSW event, we used TEC values calculated from the network of GPS receivers [Rideout and Coster, 2006] that allow us to compare the ionospheric response to this major SSW event. This study presents the results obtained using TIME-GCM and GSM TIP models for reproduction of the main global phenomenological features of thermospheric and ionospheric response to 2009 SSW event.
The 2009 Major SSW Event
The prolonged continuous minimum of solar and geomagnetic activity of the years 2007-2009 allows careful examination of the relationship between processes in the middle and upper atmosphere, as this period minimized solar and magnetospheric sources in upper atmosphere variability. The January 2009 presents a unique major SSW event that was very strong and long lasting [Manney et al., 2009; Labitzke and Kunze, 2009] . Due to unique conditions during 2009 SSW event, there were many observational and theoretical studies that attempted to consider different aspects of the upper atmosphere response to this SSW event [Goncharenko et al., 2010a [Goncharenko et al., , 2010b Pedatella and Forbes, 2010; Fuller-Rowell et al., 2010 Funke et al., 2010; Yue et al., 2010; Chau et al., 2012; Fejer et al., 2011; Pancheva and Mukhtarov, 2011; Bessarab et al., 2012; Fang et al., 2012; Jin et al., 2012] . A large part of these investigations discussed attempted to reproduce and tried to explain the morning-noon SSW effects in the electron density and afternoon negative effects in electron density at low latitudes. Only a limited number of studies tried to consider separately the global thermospheric/ionospheric response to 2009 SSW event [Funke et al., 2010; Yue et al., 2010; Pancheva and Mukhtarov, 2011; Bessarab et al., 2012; Fang et al., 2012; Jin et al., 2012; Liu et al., 2014; Pedatella et al., 2014] . 
Brief Description of the Models and Statement of the Problem
To simulate the thermospheric/ionospheric variations during 2009 major SSW event, we performed model calculations using the first principles global self-consistent model of the thermosphere, ionosphere and protonosphere (GSM TIP) [Namgaladze et al., 1988] . The GSM TIP was developed at the WD IZMIRAN (West Department of Pushkov Institute of Terrestrial Magnetism, Ionosphere, and Radio wave propagation of the Russian Academy of Sciences). This model calculates time-dependent global three-dimensional distributions of temperature, composition, and velocity vector of neutral gas; the density, temperature, and velocity vectors of atomic and molecular ions and electrons; and two-dimensional distribution of electric field potential, both of a dynamo and a magnetospheric origin. The GSM TIP model consists of three main blocks: thermospheric block, ionospheric block, and the block of electric fields. In the thermospheric block the model global distribution of the neutral gas temperature, the N 2 , O 2 , O, NO, N( 4 S), and N( 2 D) concentrations as well as the three-dimensional circulation of the neutral gas are calculated in the range from 80 to 526 km in a spherical geomagnetic coordinate system. In the vertical dimension, the thermospheric code uses 30 layers, with each layer approximately equal to a half thickness of scale height. The minimum distance between knots is 3 km near the lower boundary and increases to 40 km at 526 km altitude. Ionospheric block consists of two modules. In the first module (the D and E regions and F 1 layer module), the three-dimensional density of the N 2 + , O 2 + , and NO + , ion temperature, and velocities are calculated in the range from 80 to 526 km in the spherical geomagnetic coordinate system. In the second module (the F 2 layer and protonospheric module), the densities, temperatures, and vector velocities of atomic (O + , H + ) ions and electron are calculated from a base altitude 175 km to a maximum distance of 15 R E .
This ionospheric part of the code has variable spatial steps along the magnetic field lines. The GSM TIP model was described in detail by Namgaladze et al. [1988] , and its recent modifications were presented in Korenkov et al. [1998] , Klimenko et al. [2007 Klimenko et al. [ , 2011a , and Bessarab and Korenkov [2011] . The GSM TIP has been used to study the dynamic forcing of the thermosphere-ionosphere system from below [Karpov and Bessarab, 2008; Klimenko et al., 2011b Klimenko et al., , 2012 and recently to study the global thermospheric and ionospheric response to 2008 and 2009 SSW events [Bessarab et al., 2012; Korenkov et al., 2012] . TIME-GCM is a finite difference grid point model on a 5°×5°latitude-longitude grid. It has 45 pressure surfaces extending from 10 hPa (~30 km altitude) to above 500 km with a vertical grid step about half of the neutral atmosphere scale height and a model time step of 5 min. Details of the numerical schemes of the model are given by Dickinson et al. [1981] and Roble and Ridley [1994] . In the current investigation we performed model runs using the thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) with the boundary conditions at 30 km according to data from European Centre for MediumRange Weather Forecasts (ECMWF) data (that available every 6 h) for January 2009 period. This model run was performed with taken into account variation in solar and geomagnetic activities that were very low during considered period. Then TIME-GCM output at 80 km was used as lower boundary conditions for driving GSM TIP. The models were continuously running through the whole period starting from 15 to 31 January 2009. To couple the two models, we used a calculated TIME-GCM output data such as pressure, temperatures, density, zonal, and meridional wind velocities at 80 km as a lower boundary data for the GSM TIP every 6 h. This approach is good for description of diurnal tides, but no good for semidiurnal tides. However, note that the obtained GSM TIP results using TIME-GCM output with 1 and 6 h resolution are similar to each other.
Results
The 15 January is a day before SSW that we will consider as a baseline day; 25 January will be considered as disturbed day connected with 2009 SSW event. The TIME-GCM spatial latitude-longitude distribution of neutral temperature at 80 km altitude on 24:00 UT during two days on 15 and 25 January are presented in Figure 2 (left column). From Figure 2 it is evident that during the baseline day the temperature distribution corresponds to the expected behavior of temperature in the mesopause area: neutral temperature at 80 km in the high-latitude Northern (winter) Hemisphere is higher (>210 K) then in the Southern (summer) Hemisphere (~170 K); the temperature maximum is located in the polar region. Semidiurnal variation in neutral temperature is clearly seen at the equator and is decreased toward middle latitudes. Microwave Limb Sounder (MLS) aboard the spacecraft Aura. The MLS measure naturally occurring microwave thermal emission from the limb of Earth's atmosphere to remotely sense vertical profiles of temperature [Waters et al., 2006] . To obtain temperature maps, we used triangulation method. During SSW event (25 January in the Figure 2 ) according to TIME-GCM, the temperature structure described above changed significantly: the temperature difference between the Northern and Southern Hemispheres is reduced due to a cooling of polar area in the Northern Hemisphere; the global temperature maximum shifts from polar area into 60°latitude; the temperature at equator increases by~10-15 K. The 2009 SSW event is accompanied by considerable mesospheric cooling of polar area and heating in the equatorial area that is confirmed by AURA satellite data in the Northern Hemisphere. The tidal structure becomes more complicated because additional tidal mode appears at the equatorial latitude. The polar cap mesospheric cooling has a maximum on 25 January and after that returns to the initial state after more than 1 week. Note that according to the TIME-GCM model results during the stratospheric warming the mesospheric cooling occurs with temperature decrease on 15-20 K both in the northern (winter) and southern polar caps. This is quite consistently observed during SSW events [Karlsson et al., 2007; Tan et al., 2012] , but the southern MLT variability according to observations is much more variable in comparison with TIME-GCM results. TIME-GCM reproduces qualitatively the neutral temperature disturbances on 25 January 2009 associated with SSW event at height of 80 km observed by AURA satellite. In this case, the best quantitative agreement takes place in the areas of positive neutral temperature disturbances in the equator vicinity. The greatest quantitative differences between model results and observations occur at the latitudinal range of 45-70°N. In addition, it should be noted the formation in observational data the negative disturbances in neutral temperature at the equator vicinity, which are absent in the TIME-GCM results.
We performed GSM TIP model run with low boundary conditions according to TIME-GCM output and obtained thermospheric and ionospheric parameters: (1) for 15 January 2009 (undisturbed conditions) and (2) for 25 January 2009 (day with SSW response). All calculated thermospheric and ionospheric disturbances [Funke et al., 2010] . The mesospheric cooling that occurred on 25 January was accompanied by MLT heating on~10-20 K at height of 100-110 km. The semidiurnal tide mode is dominating in temperature disturbances on 25 January that are similar to tide mode structure at 80 km height. The disturbances in meridional wind velocity at 200 km altitude were determined by the superposition of mean thermospheric circulation and waves penetrating from the middle atmosphere and increased small wave's mode.
Meridional wind disturbances (ΔV θ ) on 25 January have two maxima and two minima in longitudinal variations at both altitudinal intervals but with different wave phases. The neutral parameters variability at 80 km and dissipative processes produced the similarity of wave phases at these two different altitudinal intervals. It can be seen that in the MLT region (80-140 km) at the 130 km altitude the additional southward wind (~15 m/s) is occurred in the prenoon hours (~120-150°longitude) and premidnight (~330°longitude) and northward wind (~20 m/s) in the afternoon (~180-210°longitude). The structure of the neutral gas circulation below 130 km is substantially different from circulation in the upper thermosphere. Thus, the transition region between these two types of circulation is located at~130 km. Figure 3 (bottom) shows important features that are possible to occur during SSW: the semidiurnal component of disturbances in meridional wind has a down-propagating phase from altitude about 240 km to 120 km.
The global wind circulation at the altitude of 120 km on 15 January and vectors of wind disturbances (ΔV n ) for 25 January are presented in Figure 4 . The vectors show a neutral wind direction, and length of these vectors indicates the magnitude of this wind. It is seen that during the quiet conditions (Figure 4, top) (1) the zonal flow at high latitudes is very small, but a weak wind vortexes (15 m/s) occurs in the morning with center at ±80°latitude, and (2) sufficiently developed discrete zonal flows are formed at the low latitudes (~30°) in the both hemispheres. The maxima values of the neutral wind velocity reach about 50 m/s at the middle Figure 4 in the form of small additional vortices. The appearance of the vortex is caused by the changes of the global circulation in the lower thermosphere during SSW and is an indicator of the intensification of semidiurnal tidal variation. At middle latitudes the disturbances in thermospheric circulation that occurred due to SSW can be explained as the increase in the semidiurnal tidal mode.
As the next step of our study, we analyzed GSM TIP results for ionospheric response to a permanent disturbance at the lower boundary of the thermosphere associated with 2009 SSW event. The main ionospheric features are clearly seen ( Figure 5 ) in the LT quiet time variation of TEC latitudinal profile at American longitudinal sector (75°W), e.g., the equatorial ionization anomaly, the midlatitude winter anomaly at F region altitudes, and the main ionospheric trough in winter hemisphere at the dark time. Figure 5 shows that the latitudinal distribution of the total electron content at longitude 75°W during quiet conditions (15 January 2009) before the 2009 SSW event, obtained in model calculations for different local time epochs, is in a good agreement with the data of GPS TEC observations. This confirms the consistency of the model calculated results for the winter solstice conditions. It should be noted the difference between GSM TIP model results and observation data: (1) the maximum of calculated TEC values (~18 total electron content unit, 1 TECU = 10 16 el m À2 (TECU)) is slightly less than measured one (~19 TECU); (2) in the model results the northern crest of the equatorial anomaly is lower than southern one, while in the observations the northern crest is stronger than southern one; and (3) the anomaly crests in the model calculation results exist longer than in observation.
According to observation data, the maximum of LT-latitude variation of positive TEC response to SSW event on 25 January (the difference between TEC values on 25 and 15 January) occurred at 09:00-11:00 LT and reached 6 TECU in the northern anomaly crest near the geographic equator and 8 TECU in the southern anomaly crest on the latitude 30°S. Model results qualitatively reproduced these TEC enhancements However, the values of these TEC enhancements does not reach 1 TECU in the southern and northern anomaly crests at 11:00 LT. The observed positive disturbances in TEC at postsunset local time hours are formed in model calculations, but their values (just over 0,5 TECU) are much less than in the observations (~4 TECU) that may be due to the lack of consideration of the F region dynamo electric field. The negative 
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effects of SSW in the model calculations are formed in the vicinity of geomagnetic equator at 17:00-19:00 LT on 25 January and do not exceed 1-2 TECU, while the observed negative effects reached 10 TECU and formed around 14:00-18:00 LT on 25 January.
We examined the deviations of thermospheric parameters (n(O)/n(N 2 ) ratio and meridional component of thermospheric wind velocities (positive from North Pole to South Pole) at the height of 240 km (near the F 2 layer peak height, Figure 7 ) and zonal electric field disturbances (Figure 6 , top) in order to explain the TEC ionospheric response to 2009 SSW event obtained in model calculations. Figure 6 shows that on 15 January the zonal component of electric field in the latitudinal interval of 40°S-40°N in the period of 03:00-15:00 LT is positive, i.e., is eastward. The westward electric field prevails during other local times. In the equator vicinity the SSW leads to the formation of the additional westward electric field at 01:00-11:00 LT and 13:00-19:00 LT on 25 January with electric field disturbances reaching~0.2-0.3 mV/m. Additional eastward electric field with magnitude of 0.2 mV/m is generated at night (22:00-01:00 LT) and in the afternoon (12:00 LT) sectors. These variations of the electric field cannot completely explain the TEC variations obtained in the model and observed in the experiment, as the westward electric field at the equator causes downward plasma drift. Such drift should lead to the negative TEC changes in the morning-noon sector in the equatorial anomaly crests, in contrast to the observed positive TEC effect. Conversely, the appearance of an additional eastward electric field in the afternoon should lead to the positive TEC effects in the equatorial anomaly crests, which are not obtained either in model calculations or in observations. This conclusion is not consistent with GAIA model simulations of Jin et al. [2012] that indicate that the vertical plasma drift at the geomagnetic equator is the primary mechanism for the formation of TEC disturbances at low latitudes at the longitude of Jicamarca. 
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are the thermospheric parameters that influence the electron density in the F region. As atomic oxygen is the primary source of ionization at F region heights and molecular nitrogen is the primary source of recombination, the change in n(O)/n(N 2 ) ratio plays important role in the control of the F region electron density variation. For example, an increase in n(O)/n(N 2 ) ratio should lead to a positive effect in the electron density and TEC and reduction in n(O)/n(N 2 ) ratio to the negative effects in electron density. The meridional component of the thermospheric wind due to inclination of geomagnetic field to the Earth's surface causes the ionospheric plasma transport along geomagnetic field lines due to ionneutral collisions. The equatorward wind at midlatitudes raises plasma to a higher altitude with lower chemical loss rate, which should lead to a positive effect in the TEC, while the poleward wind produces downward plasma transport to a smaller altitudes with higher chemical loss rate, which should lead to a negative effect in TEC [Rishbeth and Garriott, 1969; Schunk and Nagy, 2009] . Near the geomagnetic equator, where the geomagnetic field lines are close to the horizontal, the effect of the meridional component of thermospheric wind leads to the plasma transport to or from the equator, depending on the wind direction. The thermospheric wind may have a different orientation in the northern and southern parts of the low-latitude plasma tube. So the following three scenarios can take place: (1) the wind directed from one hemisphere to another transports the ionospheric plasma from one hemisphere to another, (2) the wind directed toward the equator in both hemispheres transports the ionospheric plasma to the top of the geomagnetic field line in both hemispheres, and (3) the wind directed from the equator in both hemispheres transports the ionospheric plasma to the basis of the geomagnetic field line in both hemispheres. In these three cases, the wind will cause different effects in TEC, and in particular, will lead to the following: (1) the asymmetry of the plasma distribution in the magnetic conjugate regions and (2) the increase and (3) decrease in the plasma density due to the effects of vertical plasma transport and plasma accumulation or depletion. Taking into account all these mechanisms, we proceed to the analysis of the calculation results and revealing of the formation mechanisms of the obtained ionospheric effects of stratospheric warming. Figure 7 shows that specifying the perturbations at the lower boundary of the thermosphere leads to the following: (1) the global modification of thermospheric wind, (2) a decrease in n(O)/n(N 2 ) ratio in the equator vicinity that leads to the negative disturbances in TEC, and (3) an enhancement in n(O)/n(N 2 ) at midlatitudes that leads to the positive disturbances in TEC.
The TEC strengthening at equatorial ionization anomaly latitudes in the interval of 08:00-14:00 LT on 25 January occurs due to the combined action of three mechanisms-eastward/westward electric field, the increase in n(O)/n(N 2 ) ratio at low and middle latitudes, and an equatorward wind (06:00-11:00 LT). The presence of westward electric field in the morning and prenoon hours leads to the formation of the inverse fountain effect, i.e., to the downward plasma drift and plasma diffusion to the top along geomagnetic field lines that should lead Figure 6 . The global maps of (top) zonal electric field (positive eastward) in mV/m and (bottom) its disturbances on 25 January associated with 2009 SSW event, at 24:00 UT at altitude of 175 km. E × B vertical plasma drift play an important role in TEC disturbances but not so crucial.
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to increase in TEC at equator vicinity. The additional noon eastward electric field leads to the equatorial ionization anomaly (EIA) intensification (the electron density depletions around the equator, the increase of electron density in the EIA crests, and the shift of EIA crests from the equator to higher latitudes). Increase in the ratio n(O)/n(N 2 ) at low and middle latitudes leads to an increase in electron density, and the equatorward wind transport this enhanced electron density to the equator up to the regions with lower rates of chemical loss, increasing the positive effect in TEC, obtained in model calculations in the interval of 08: 00-14:00 LT on 25 January.
The TEC behavior in the EIA vicinity at 14:00-16:00 LT on 25 January explained by the action of the following mechanisms: the westward electric field, wind from the equator at midlatitudes in Southern Hemisphere, equatorward wind in the EIA vicinity in both hemispheres, and variations of the neutral atmosphere composition. The additional westward electric field leads to the inverse fountain effect. This should lead to a strengthening in electron density at equator and to the decrease in electron density at the EIA crests. The presence of additional equatorward wind at equatorial region in both hemispheres leads to the upward plasma transport to the higher altitudes with smaller rates of chemical loss and the plasma accumulation at the equator. This explains the presence of significant positive TEC effects in the equatorial area. The presence of negative TEC disturbances at 17:00-19:00 LT on 25 January can be explained by westward electric field that produce downward plasma transport in the EIA vicinity and downward plasma transport due to poleward wind in Southern Hemisphere at midlatitudes (17:00-18:00 LT). observational [Funke et al., 2010; Yamashita et al., 2010] results that showed a warming of lower thermosphere and mesospheric cooling during stratospheric warming. The ionospheric response is confined mainly to low and middle latitudes. Two main features that characterize the latitude structure of the response are as follows: (1) it amplifies toward the equator and (2) it is not symmetrical with respect to the dip latitude.
Discussion
In the current study we reproduce the morning-noon SSW positive effects in the electron density at low latitudes which have been shown in experimental data by Goncharenko et al. [2010a] , Chau et al. [2012] , and Fejer et al. [2011] but were absent in previous GSM TIP calculations [Bessarab et al., 2012; Korenkov et al., 2012] . Causes of these positive disturbances in electron density are not fully understood yet, though several mechanisms have been suggested, as discussed in section 1. Modifications of atmospheric tides through these mechanisms should change the thermospheric dynamics at low and middle latitudes that are not taken into account by Bessarab et al. [2012] and Korenkov et al. [2012] . In the current paper we use a more realistic description of neutral atmosphere parameters at altitudes of the mesopause region (TIME-GCM output as lower boundary of the GSM TIP) to investigate if the model can reproduce the observed positive and negative ionospheric disturbances at low latitudes during 2009 stratospheric warming event. We have not made the detailed studies of the SSW effect in different tidal modes of neutral circulation at the MLT altitudes, as presented by Liu et al. [2010] and Fuller-Rowell et al. [2011] . However, from the analysis of Figure 3 one can see some characteristics of changes in tidal modes as descending and convergent additional meridional wind-shear node which can be traced from 240 km altitude to 120 km. The similar results were previously obtained by Wilkinson et al. [1992] . It is evident that migrating semidiurnal tides have positive SSW response at the altitudes above 100 km in our GSM TIP simulation results, i.e., the same as in TIME-GCM model results presented by Liu et al. [2010] . These variations of the lower thermospheric circulation modified equatorial zonal electric field at ionosphere altitudes, but in our model results the phase of maximum eastward electric field (that coincides with upward vertical plasma drift at equator) is shifted in the noon sector. The experimental TEC data [Goncharenko et al., 2010a] and simulation results show amplification of the vertical ion drift (eastward electric field) in the morning sector, that is different from our results. In addition, our model results contradict to Jin et al. [2012] model interpretation of main formation mechanism of positive TEC disturbance at low latitudes during 2009 SSW. According to our results, the meridional thermospheric wind is the main driver for the formation of positive TEC perturbation near the EIA crests.
Results of this simulation show that using TIME-GCM output as lower boundary of the GSM TIP model is not sufficient to reproduce quantitatively and fully qualitatively the observed TEC disturbances during SSW 2009 event. According to experimental data, the maximum of LT-latitude variation of positive TEC response to SSW event on 25 January occurred at 09:00-11:00 LT and reached 6-7 TECU in the northern and southern anomaly crests. Model results qualitatively reproduced these TEC enhancements. However, the values of these TEC enhancements does not reach 1-2 TECU in the southern and northern anomaly crests at 11:00 LT. The negative effects of SSW in the model calculations are formed in the vicinity of geomagnetic equator at 17:00-19:00 LT on 25 January and do not exceed 1-2 TECU, while the observed negative effects reached 10 TECU and formed around 14:00-18:00 LT on 25 January. As supported recently, the changed vertical drift is considered to be the main reason of significant low-latitude and equatorial ionospheric response in TEC during the SSW events [Goncharenko et al., 2010a [Goncharenko et al., , 2010b Pedatella and Forbes, 2010; Chau et al., 2010; Yue et al., 2010; Jin et al., 2012; Fang et al., 2014] . Various attempts to reproduce this electrodynamic response to the SSW event using different models were reported in Fuller-Rowell et al. [2011] , Liu et al. [2010] , Goncharenko et al. [2010b] , and Maute et al. [2014] . Simulation results by Liu et al. [2010] and Goncharenko et al. [2010b] obtained using TIME-GCM demonstrate that the nonlinear interaction between tides and the quasi-stationary planetary wave enhances migrating and nonmigrating tides globally. Furthermore, significant changes in the tidal winds were found to occur in the low-latitude E region where electric fields are generated by the dynamo mechanism, resulting in modulation of the vertical E × B drift velocity. The calculation results obtained using TIME-GCM output as the lower boundary conditions for GSM TIP model qualitatively reproduce the observed strengthening in the morning upward and occurrence of afternoon downward E × B plasma drift velocity at low latitudes. However, the magnitude and appearance time of vertical E × B plasma drift disturbances in the model calculations significantly differ from observational data.
We suggest three possible reasons for the quantitative differences between the model and observational results: (1) small amplitude and differences in phase and spatial gradients of the perturbation of mesospheric Journal of Geophysical Research: Space Physics 10.1002/2014JA020861 parameters at height of 80 km obtained in the TIME-GCM model, as compared to real characteristics of the mesospheric disturbances; (2) the errors in the vertical coupling between mesospheric and low thermospheric disturbances in GSM TIP model that can lead to the formation of the insufficient disturbances in thermospheric parameters at E region heights that cannot reproduce the observed electromagnetic plasma drift velocity; and (3) errors in the calculation of dynamo electric field in the GSM TIP model at reproduction the actual variations in different parameters of the thermosphere-lower ionosphere system. At present we can not exactly specify the underlying cause of discrepancies between low-latitude electric fields obtained in GSM TIP model results and observed during 2009 SSW event. However, as an additional step in the present study, we have tried to answer the following question: Is it possible to reproduce the TEC disturbances observed during SSW 2009 by applying additional electric field in GSM TIP? For this purpose we have set the additional electric potential in the equation for the electric potential in the GSM TIP model at all geomagnetic latitudes in the magnetic local time (MLT) interval 6 ≤ MLT ≤ 18 as
where Φ 0 = À 5 kV, Θ is geomagnetic colatitude. Figure 8 presents the additional (25 versus 15 January 2009) zonal electric field that we obtained using this procedure. The obtained maxima of additional eastward (~1.3 mV/m) and westward (~1.4 mV/m) electric field should produce additional upward and downward electromagnetic drift velocities of the order of~30 m/s that is very close to Jicamarca observations [Chau et al., 2010] . Figure 8 (bottom) shows change in TEC that results from the additional electric field, indicating that the model can qualitatively and quantitatively reproduce the observed prenoon positive and daytime negative TEC disturbances in the equatorial ionization anomaly region on 25 January associated with 2009 SSW event (compare to Figure 5 ).
Results of this study are consistent with conclusions of other researchers that the primary mechanism for the formation of TEC disturbances at low latitudes during 2009 SSW event is the perturbation of the zonal electric field (the vertical E × B plasma drift) [Jin et al., 2012; Wang et al., 2014; Pedatella et al., 2014] . In recent years, several scientific groups using different models and various additional techniques (assimilation, nudges, etc.) attempted to reproduce the observed equatorial electromagnetic drift disturbances, with different level of success Jin et al., 2012; Pedatella et al., 2014] . However, nobody using free model runs of different models does reproduce vertical plasma drift disturbances during SSW without any additional procedures. So it remains an open question: what is the generation mechanism of such zonal electric field disturbances during SSW event and what steps are needed in the development of first principles models of the atmosphere-ionosphere system that will allow to reproduce such electric fields at decision of model equations without any additional artificial sources, nudging, and assimilation? Different models have their own pros and cons. Now all global models have one base-the system of hydrodynamic equations for multicomponent gas mixture without taking into account atmosphere-ionosphere coupling through GW propagation and dissipation. In our opinion this is one of the main reasons that the model prediction falls short.
Conclusions
The prolonged continuous minimum of solar and geomagnetic activity 2007-2009 allows to examine more carefully the ionospheric response to 2009 SSW event as this period minimized solar and magnetospheric sources in the upper atmosphere variability. Current study combines GSM TIP model with numerical simulations using National Center for Atmospheric Research TIME-GSM model driven by ECMWF data at the lower boundary. The simulations show that the use of such scenario for 2009 SSW allows to reproduce large thermosphere-ionosphere parameters changes including dynamo electric field/ion drift and TEC during the quiet geomagnetic and stable solar minimum conditions.
Our model results show that SSW-related anomalies in mesospheric temperature cause modification of the thermospheric wind circulation. The semidiurnal tides are amplified, especially at the low latitudes, but in our simulations the maximum of the equatorial electric fields does not coincide with observations of ion drift velocity at Jicamarca location [Chau et al., 2010] . Subsequently, it is necessary to investigate the causes of the discrepancies in the electric fields and caused by them electromagnetic drifts, obtained in model calculations and observation data during 2009 SSW event.
The presented results demonstrated that the variation of the n(O)/n(N 2 ) ratio and thermospheric circulation at the F 2 layer height contribute to variations in ionospheric parameters, but vertical ion drift plays the primary role. The new approach for reproducing of the ionospheric response to SSW with setting an additional upward and downward electromagnetic plasma drift velocities close to Jicamarca observations indicates that the GSM TIP model can qualitatively and quantitatively reproduce the observed prenoon positive and daytime negative TEC disturbances in the equatorial ionization anomaly region associated with 2009 SSW event, These results show that further investigations of ionospheric impacts produced by planetary waves, nonmigrating tides, internal gravity waves, and their interactions in the MLT region are needed to improve our understanding of connections between stratospheric and ionospheric parameters. Using currently existing models of the middle and upper atmosphere, it is unable to reproduce the ionospheric disturbances during SSW without any additional procedures, e.g., nudging, assimilation, and reanalysis. So we cannot say that the primary mechanisms of atmosphere-ionosphere coupling during SSW are well understood if now existing models do not reproduce the ionospheric disturbances in "free model runs." Different models have their own pros and cons. Now all global models have one base-the system of hydrodynamic equations for multicomponent gas mixture without taking into account atmosphere-ionosphere coupling through gravity wave propagation and dissipation. In our opinion this is one of the main reasons why the model prediction falls short.
